Partition coefficients were determined for blood, brain, heart, kidney, liver and skeletal muscle. The mean blood/gas coefficient was 0.461 for nitrous oxide and 0.68 for cyclopropane. The mean tissue/blood coefficients which differed significantly from unity were, for nitrous oxide, heart 0.83, kidney 0.83, liver 0.91, muscle 0.76 and, for cyclopropane, brain 1.19, heart 1.25, muscle 0.75. The differences between tissues were significant. Differences between animals were considerable and mostly unsystematic, i.e. a high coefficient in one tissue was not generally associated with high coefficients in others. The 95 per cent confidence limits for nitrous oxide coefficients in the population ranged from ± 6 per cent of the mean for blood to + 50 -33 per cent for muscle and, for cyclopropane, from +21 -17 per cent for blood to less than +89-47 per cent for muscle.
In the course of looking for possible differences between the results of in-vivo and in-vitro determinations of tissue-gas partition coefficients a systematic set of measurements was obtained for six different tissues in six rabbits for nitrous oxide and in nine rabbits for cyclopropane. Previous investigators have usually studied only one or two tissues (e.g., Kety et al., 1943) or else, for each tissue, samples from several individuals have been pooled and homogenized and then repeat determinations made on the pooled homogenate (e.g., Larson, Eger and Severinghaus, 1962) . This last technique is valuable for obtaining reliable mean values but yields no information on variation between individuals of a species.
The theory of the uptake and distribution of inhaled anaesthetics is now well advanced; but the degree of success achieved in predicting the course of events in individual patients depends partly on how well partition coefficients for the tissues of the individual patient can be estimated. The results in rabbits were therefore studied closely to see to what extent it is possible to estimate the partition coefficients for a particular tissue in a particular individual without actually measuring it in-vivo.
METHODS
The experimental methods used to obtain the results are described in detail elsewhere (Evans, Flook and Mapleson, 1970; Flook, 1968) . Briefly, rabbits were anaesthetized at constant end-tidal tension (70 per cent nitrous oxide in oxygen or 14 per cent cyclopropane in air). At the end of about 5 hours they were sacrificed and samples of blood, brain, heart, kidney, liver and skeletal muscle taken for determination of the anaesthetic content. A further sample of each tissue was homogenized with saline and equilibrated in a rotating tonometer with a similar concentration of anaesthetic. For both the in-vivo and in-vitro measurements anaesthetic content was determined by vacuum extraction and gas chromatography. Partition coefficients were calculated from content and equilibrating tension.
The statistical techniques used to analyze the results were taken from Davies (1957) and much of the calculation was carried out on an ICL4-5O computer.
RESULTS
The full set of observed tissue/gas and blood/gas partition coefficients X is given in tables I and II. For nitrous oxide the "raw" in-vivo coefficients for tissues other than blood have been increased by 3 per cent to correct for the estimated (Evans, Flook and Mapleson, 1970) loss in handling. For cyclopropane no such correction was made because the magnitude of the loss was not directly estimated and because the loss could nevertheless be assumed to be less than for nitrous oxide owing to the greater solubility of cyclopropane in all tissues. For reasons outlined in the Appendix all statistical calculations were performed on the logarithms of the coefficients.
A three-way cross-classification analysis of variance for each anaesthetic (tables HI and IV) served to separate out the various sources of variation. These showed the following features.
(1) After correction of the nitrous oxide results for known handling losses there was no significant difference between the two techniques of measurement. Therefore in-vitro measurements are valid estimates of in-vivo coefficients and in-vivo measurements need not be made in man.
(2) There are significant differences between tissues even when referred to the tissue-animal interaction (see below). Therefore it is worth calculating separate means for each tissue because, in estimating the coefficient for a particular tissue in a particular animal, these tissue means will be better guides than the grand mean.
(3) There is a significant tissue-animal interaction. This means that there are real differences between animals (greater than can be attributed to experimental error) but these differences are not systematic over all the tissues. That is to say that, if a given animal has a higher-than-average coefficient for one tissue, then the coefficients for the other tissues are not, in general, equally far above the averages for those tissues, and some may even be lower than average. Therefore the variability of each tissue must be assessed separately.
(4) In the case of nitrous oxide the betweenanimal variation is significant even when referred to the tissue-animal interaction. This means that, despite the above remarks, a high coefficient for one tissue in an animal does to some extent imply high coefficients for the other tissues. This last finding suggests the possibility that, in an individual, tissue/gas coefficients for nitrous oxide might be predictable to a useful extent from the relatively easily measured blood/gas coefficients. In fact it was found that the tissue/gas coefficients for kidney and for muscle did show significant regressions (P=0.009 and 0.021 respectively) on the blood/gas coefficients. If such regressions could be demonstrated in man they would be useful but, for the present results, it seemed prudent to attribute the regressions to chance because they were the only significant ones out of the fifteen possible combinations for the regression of one tissue on another tissue or on blood.
In the light of the above findings the best way of expressing the rabbit results is to estimate the mean coefficient for each tissue, to determine how far the true mean is likely to deviate from this estimate, and to determine how far values for individual animals are likely to deviate from the mean. Details of the statistical methods used are given in the Appendix. The results for tissue/gas coefficients are shown in table V and for tissue/ blood in table VI.
DISCUSSION

The present results.
The wide range of variation of partition coefficient to be expected between animals (table V) is remarkable: up to + 50 -33 per cent from the mean for nitrous oxide and +89 -47 per cent for cyclopropane. In the case of nitrous oxide none of the variation in the last pair of columns in table V should be attributable to experimental error because the statistical treatment has allowed for this. For cyclopropane, for reasons which are outlined in the Appendix, it was not possible to make this allowance, except for blood, so that the estimates of between-animal variation for other tissues are falsely high. However, it seems likely that the true variation is greater for cyclopropane than for nitrous oxide because, firstly, the true between-animal variation for blood is greater, secondly, the differences between the means for different tissues are greater (table V) and, lastly, the experimental-error variation is greater (tables HI and IV). These differences may all be reflections of the greater solubility of cyclopropane in fat (compare Blumberg et al. (1952) with Meyer and Gottlieb-Billroth (1921) ) and its greater propensity for binding to protein (compare Lesser, Blumberg and Steele (1952) and Tyuma, Imai and Onchi (1963) with Siebeck (1909) ). The tissue/blood coefficients are of interest because they partly determine the speed of equilibration of a tissue with the arterial tension, higher tissue/blood coefficients giving slower equilibration. It may be remarked in table VI that, for nitrous oxide, all the tissue/blood coefficients are less than unity, most of them significantly so. For cyclopropane, on the other hand, the only tissue/ blood coefficient which is substantially less than unity is that for muscle, while those for brain and heart are significantly greater.
Comparison with the results of other workers.
Variation between individuals. Studies of variation in tissue solubility between individuals have been very rare, and reports by other workers generally provide insufficient data to permit estimates of variability to be made. From two papers, however, it is possible to calculate 95 per cent confidence limits for single observations for nitrous oxide. For blood/gas coefficients these are ±4 per cent in dogs and ±6.2 per cent in man and ±4 per cent in man (Ostiguy and Becklake, 1966) ; for brain/gas, ± 11 per cent in dogs and ±7 per cent in man . These limits include the variation due to experimental error; Ostiguy and Becklake comment that the between-individual variation in their study was of the same order as the experimental error of their method.
The corresponding confidence limits reported in the present study make allowance for experimental error, yet are wider than those reported above. The estimation of probable limits is itself subject to uncertainty, particularly when small numbers of observations are involved. However, if the difference is genuine, it might be taken as an indication that humans (for the present purpose) constitute a relatively homogeneous strain; the rabbits studied here were known to be of various strains. The data of Kety and associates (1948) suggest substantially greater betweenindividual variability in solubility in dog brain than in dog blood, a difference which is in accord with the present results for rabbits.
Variation between tissues and species. More information is available about mean solubilities in various fluids and tissues of various species. The means of the present results are compared with those of other workers in table VII. Where necessary their coefficients have been adjusted to 37.5°C, either by interpolation (where this was possible) or by the use of the temperature coefficients given in Evans, Flook and Mapleson (1970) , provided that the original data included a value at a temperature in the range 35-38 °C.
For nitrous oxide the range of values amongst a variety of aqueous fluids and tissues is quite small. There appears to be some "salting-out" effect of electrolytes, since the solubility in saline or plasma is less than in water. On the other hand, the solubility increases slightly with increasing amounts of protein, since the solubility in blood is greater than that in saline and increases with haemoglobin concentration (Siebeck, 1909) or haematocrit . There are no data outside the present work for nitrous oxide in rabbit tissues but comparison with other species is possible for blood, brain and heart. The values for blood are very close together. In the case of brain, the values for man and dog are only marginally outside the present confidence limits (table V) for the rabbit coefficient. For heart, however, there is a clear species difference which presumably must be attributable to protein and lipid differences.
In the case of cyclopropane, the possibility of deviation from Henry's Law must be borne in mind: the blood/gas partition coefficient at 14 per cent cyclopropane (as used in the present work) has been variously estimated to exceed that at 100 per cent (as used by all others referred to in table VII except for Laasberg and Etsten (1965) and probably Lowe and Hagler (1969) ) by about 29 per cent (Lowe and Hagler, 1969) , 23 per cent (Gregory and Eger, 1968) and 0 per cent (Laasberg and Etsten, 1965 For plasma and for human blood, some variation is to be expected, even at a constant equilibration pressure, particularly since most of the figures in table VII seem to be derived from single individuals. The solubility of cyclopropane in whole blood increases with increasing haemoglobin concentration or haematocrit (Laasberg and Etsten, 1965; Possati and Faulconer, 1958; Tyuma, Imai and Onchi, 1963) , while periodic variation in plasma lipid, related to food intake, can produce short-term changes in the solubility in the blood of a given subject (Robbins, 1936) . With these reservations, the agreements between values for plasma for different species and between values for whole blood for different humans are quite good apart from the figure from Lowe and Hagler (1969) . There are clear species differences in the values for whole blood. The coefficients for several samples of dog blood were consistently higher than those for human blood in Robbins' (1936) study and in comparison with other studies in human blood. It is possible that the difference is due to differences in haematocrit and/or haemoglobin content in the case of dog blood. However, this explanation will not suffice for the even higher coefficients found for rabbit blood. We made some supplementary observations on single samples of human and rabbit bloods, the results of which are included in table VII. It would appear that, while the solubility of cyclopropane in rabbit plasma is simiinr to that in plasma of other species, solubility in the cellular components of rabbit blood is unusually high. This is presumably a consequence of some species difference in the constitution of rabbit haemoglobin.
The only tissues for which comparative values in the rabbit are available are liver and muscle. These values (Lesser, Blumberg and Steele, 1952) are lower than the present ones, but since they appear to be derived from a single rabbit they lie well within the present confidence limits for the population (table V) .
The values of Lowe and Hagler (1969) for various tissues in man and calf are derived from a single human and probably a single calf. They are therefore within the confidence limits of the present study except that the coefficient for kidney in man is significantly lower than that for the rabbit.
CONCLUSIONS
Individual in-vivo partition coefficients for nitrous oxide and cyclopropane can be reliably estimated from in-vitro measurements. The coefficients for different tissues are appreciably different from one another and the mean coefficient for a tissue in the rabbit population is a useful guide to the coefficient for that tissue in a particular rabbit. However, for rabbit tissues other than blood, there is considerable variation between individuals in the coefficent for a given tissue, especially that for skeletal muscle. Furthermore, there are substantial species variations in mean coefficients for particular tissues. Variation between individuals in man may be less than in the rabbit but a reliable estimate of the extent of the variation in man would be a valuable guide to the likely success of predicting the uptake and distribution of an anaesthetic in an individual patient.
STATISTICAL APPENDIX
Missing values.
Where it seemed justified the gaps in the basic data (tables I and II) were filled, for the purposes of analysis of variance only, by values estimated according to an extension of the method described by Burn, Finney and Goodwin (1950) and by Davies (1957) .
Distribution of the observations.
For cyclopropane the distribution of the observations is somewhat skew: in table II there are a number of unusually high values which are not balanced by correspondingly low values. It was found that the logarithms of the values were more nearly normally distributed in the case of cyclopropane, and only slightly less so in the case of nitrous oxide. Therefore all calculations were performed on the logarithms of the coefficients (log,, 101 to avoid negative quantities). This results in unequal positive and negative confidence limits (tables V and VI) reflecting the skewness of the distribution.
Estimation of the means and probable limits of the partition coefficients. Nitrous oxide. Two-way breakdown-by-technique analyses of variance showed that the in-vivo and invitro results were about equally variable and therefore both were used. Bartlett's (1937) test showed that the between-animal variance estimates were not homogeneous (P=0.014) while the residual variance estimates were barely so (P=0.09). Inspection shows that the inhomogeneiry is due mainly to low variances for blood and high ones for muscle. Since this pattern was the same for cyclopropane (table DC) it was assumed to be real. Therefore the individual variances were used for blood and for muscle but those for the other tissues were pooled.
The variance of the mean coefficient for each tissue was then taken as the sum of, firstly, the relevant experimental-error variance estimate divided by the number of measurements used in deriving the mean and, secondly, the relevant between-animal variance estimate, divided by the number of animals used. The numbir of degrees of freedom was taken as the sum of those of the two variance estimates. In assessing the range of values likely to be found in individuals of the species the between-animal variance estimate alone was used.
For tissue/blood co:fficients individual values were determined by dividing each tissue/gas coefficient by the mean of the in-vivo and in-vitro blood/gas coefficients for the same animal. Means and confidence limits were then determined as for the tissue/gas coefficients.
Cyclopropane. For this agent breakdown-by-technique analyses of variance showed that the in-vitro residual mean square (0.0179 in terms of log,, 10A., with 28 degrees of freedom) was significantly greater (P< 0.01) than the in-vivo one (0.0061 with 31 degrees of freedom).
When the variances of the observations for each technique with each tissue are examined (table IX) it is clear that the in-vitro observations are more variable than the in-vivo for all tissues, but not for blood. The difference is significant only for kidney on its own but, if the results for tissues other than blood are pooled, the difference is clearly significant over alL
In view of these findings the mean and confidence limits for blood were determined in the same way as for the nitrous oxide results. For the tissues, however, more reliable estimates of the means and closer confidence limits could be obtained by neglecting the in-vitro results and vising only the in-vivo ones.
For each tissue the mean and variance of the observations were then calculated from all the in-vivo observations, whether or not they were paired by in-vitro ones. This led to unbiased estimates of the mean for the tissue and its confidence limits but the confidence limits for the population given in table V (and table VI) 
0.0024
• Using only complete pairs of observations. arc unduly wide bicause they include variation due to experimental error. The above treatment was not applied to brain because this tissue was unique in showing a negative correlation between in-vivo and in-vitro observations which was significantly different (P<0.05) from the positive correlation that would be exprcted. Since, furthermore, there was a very plausible explanation for this finding (Evans, Flook and Mapleson, 1970) it was assumed to be real On this basis, the best estimate of the coefficient for brain for each animal was the mean of the in-vivo and in-vitro measurements. This yielded five "observations" which were then handled in the same way as the invivo observations for the other tissues.
As with nitrous oxide the variances for brain, heart, kidney and liver were pooled.
Individual tissue/blood coefficients were determined in the same way as for nitrous oxide. Means and confidence limits were determined as for the tissue/gas coefficients for cyclopropane. 
PRACTICAL ASPECTS OF MEASUREMENT IN ANAESTHESIA
A course of practical instruction and tutorials, designed to help trainee anaesthetists, will be held in the Department of Anaesthesia over the week 29th March-2nd April, 1971. Numbers will be limited in order to allow those accepted to gain first-hand experience in operating the equipment.
The course will consist of practical exercises illustrating the use of selected types of measuring equipment of interest in the specialty of Anaesthesia. Topics will include: gas flows and volumes; gas analysis; pressure measurements; electrical measurements; and the use of radio isotopes. Participants will be expected to have done some preliminary reading.
Further particulars and enrolment forms can be had from:
The Secretary, Department of Anaesthesia, 24 Hyde Terrace, Leeds LS2 9LN
